In this study, we analysed the whcD gene from Corynebacteriumglutamicum, which encodes a homologue of whiB, a Streptomycescoelicolor gene required for the sporulation of aerial hyphae. Deletion of the gene (DwhcD) severely affected cell growth in C. glutamicum. The DwhcD strain exhibited a large filamentous, branched and bud-shaped morphology with multiple septa. The transcription levels of the cell division genes involved in Z-ring assembly and septal peptidoglycan synthesis, including ftsZ, sepF, ftsQ and ftsI, were markedly decreased in the DwhcD strain. The divIVA gene, which is responsible for apical growth, also showed decreased transcription in the DwhcD strain. However, genes involved in the later stages of cell division, such as cell separation and chromosome segregation, did not show notable changes in their transcription levels. Moreover, the mutant strain was susceptible to inhibitors of transpeptidation, including penicillin and vancomycin. In addition, the transcription of genes fas-IA, fas-IB and accD1, which participate in the synthesis of fatty acid and cell envelope component mycolic acid, was altered in the DwhcD strain. This increased the cell surface hydrophobicity in the mutant strain, apparently leading to cell aggregation in liquid media. These findings indicate that whcD is a whiB-like gene with roles in the early stages of cell division and fatty acid synthesis, and the pleiotropic phenotypes of the DwhcD strain suggest that whcD may be a global regulatory gene.
INTRODUCTION
Corynebacterium glutamicum is a leading industrial amino acid producer and a Gram-positive organism that belongs to the class Actinobacteria, which also includes Mycobacterium and Streptomyces [1] [2] [3] . These organisms have many distinguishing features, one of which is the possession of whiB-like genes [4] . The whiB gene was initially identified and characterized in Streptomyces coelicolor, and it was recognized as a developmental regulatory gene required for the maturation, septation and sporulation of aerial hyphae [5] . whiB-like genes are involved in diverse cellular activities, such as cell division, differentiation, pathogenesis, starvation survival and stress response [6] . Seven whiB-like genes have been found in Mycobacterium tuberculosis [4] , and 11 are known in S. coelicolor [4, 7, 8] . C. glutamicum possesses four whiB-like genes, known as whcA, whcB, whcE and whcD [9] . Among the four whiB-like genes, whcA, whcB and whcE have been studied in detail and are known to be involved in stress responses [10] [11] [12] [13] .
C. glutamicum whcD encodes a protein that is homologous to WhmD of Mycobacterium smegmatis and WhiB2 of M.
tuberculosis [14] . Gene whmD, which is an orthologue of S. coelicolor whiB, is an essential gene that is required for proper cell division [7] . The whiB-deleted mutant of S. coelicolor fails to assemble FtsZ rings, which are required for the conversion of multinucleoidal aerial hyphae into chains of uninucleoidal spores [15] . In addition, a conditional whmD mutant exhibits irreversible filamentous branched growth with diminished septum formation and aberrant septal placement [7, 16] . Further, strains overexpressing the whmD gene show growth retardation and hyperseptation [7] . These results indicate that the whmD gene plays an essential role during cell division and septum formation. Gomez and Bishai [7] proposed that WhmD plays important roles in the early stages of cell division, promoting FtsZ localization and polymerization or regulating cell division genes other than ftsZ. Raghunand and Bishai [14, 16] also suggested that WhmD acts as an ironcontaining regulator for genes involved in the cell division cascade. However, no further information is available on how these genes participate in cell division and the role whmD plays in this process. The mechanism of cell division in C. glutamicum is largely unknown. Unlike Escherichia coli, C. glutamicum shows an apical mode of cell elongation, which is characterized by the intercalation of new cell wall material at the poles [17] . Gene divIVA is known to participate in this process [18] . Further, DivIVA interacts with RodA, which is a lipid II flippase [19, 20] having cell wall polymerase activity [21] . Cell division in C. glutamicum begins with the recruitment of FtsZ to the nascent division site in the membrane. The intracellular level of FtsZ critically affects cell division [22] . C. glutamicum cells form elongated, bud-shaped or dumbbell-shaped rods with low levels of ftsZ expression [23] . Further, an increase in cell diameter is observed in ftsZoverexpressing strains [22] . After recruitment of FtsZ to the nascent division site in the membrane, the early-stage divisome is formed by anchoring the FtsZ protein to the cell membrane. In C. glutamicum, this might be accomplished by ftsK (cg2158), sepF (cg2363) or ftsEX (cg0914, cg0915), although their precise roles in cell division have not been clarified [24] . Subsequently, late divisome components, which are mostly membrane anchored and participate in septal peptidoglycan synthesis and late-stage cell division, are recruited. Some of the ORFs presumed to encode late divisome components include cg2367 (ftsQ), cg2370 (ftsW) and cg2375 (ftsI) [25, 26] . FtsI, which is also called penicillin-binding protein 3, catalyses a transpeptidation reaction during biosynthesis of the septum peptidoglycan [27, 28] . Gene amiC, encoding Nacetylmuramoyl-L-alanine amidase, plays a role in cell separation in M. tuberculosis [29] . Further, cell division is regulated by pknA, pknB and pknL, which encode serine/threonine kinases that phosphorylate FtsZ [30, 31] . In the meantime, chromosome partitioning is mediated by the parAB system, and mutation of components of the Par system leads to variable cell lengths and growth defects [32] .
In this study, we assessed the function of the whcD gene in C. glutamicum by constructing a whcD-deleted mutant strain and analysing its phenotype, and found that the mutant had defects in cell division. Further, by analysing the transcription of genes presumed to be involved in cell division and envelope formation using quantitative realtime reverse transcription-PCR (qRT-PCR), we concluded that whcD is a gene that plays regulatory roles by influencing the transcription of many genes involved in cell division and envelope formation.
METHODS
Bacterial strains, plasmids, oligonucleotides and culture conditions Bacterial strains, plasmids and oligonucleotides used in this study are listed in Tables 1 and S1 (available in the online Supplementary Material). E. coli 0DH10B [33] and C. glutamicum cells were cultured at 37 C in Luria-Bertani broth [34] and at 30 C in MB medium [35] , respectively. MCGC minimal medium for C. glutamicum was prepared as described previously [36] . Growth was measured by determining OD 600 or by counting c.f.u. ml
À1
. The c.f.u. values were determined on MB agar plates after growing cells at 30 C for 30 h. Antibiotics were added at the following concentrations: ampicillin, 20 µg ml À1 for E. coli; and kanamycin, 50 µg ml À1 for E. coli and 25 µg ml À1 for C. glutamicum. Plasmids and strain construction The C. glutamicum DwhcD mutant strain was constructed according to the markerless knockout strategy described by Sch€ afer et al. [37] as follows. Briefly, deletion of the whcD gene was generated via crossover PCR. The primary PCR products amplified with whcDdelF1/whcDdelR1 and whcDdelF2/whcDdelR2 (Table S1 ) were employed as templates for a secondary PCR. The amplified fragment was then digested with EcoRI-SalI and introduced into EcoRISalI-digested pK19mobsacB [37] . The resulting plasmid, pSL560, was transformed into E. coli ET12567 [38] , and this plasmid was electro-transformed into C. glutamicum. Subsequent steps were conducted as described previously [37, 39] , and the whcD chromosomal deletion in C. glutamicum HL1563 was confirmed via PCR. The pSL530 plasmid (i.e. P 180 -whcD) used to overexpress the whcD gene was constructed by amplifying the whcD gene using the whcD180F/ whcD180R primers (Table S1 ) and by subsequently ligating the amplified DNA into the PstI site of pSL360 [40] . The resulting plasmid, pSL530, was then introduced into C. glutamicum to generate HL1453. Overexpression of the whcD gene was verified by measuring the mRNA levels of whcD using qRT-PCR (Fig. S1 ). The pSL545 plasmid (i.e. P whcDwhcD) was constructed by amplifying the whcD gene with primers whcDpMT1F/whcDpMT1R (Table S1 ) and by subsequently ligating the XhoI-BamHI fragment into the XhoIBamHI-digested pMT1 [35] . The resulting plasmid, pSL545, was then introduced into C. glutamicum AS019E12 and HL1563 to generate HL1501 and HL1579, respectively.
RNA analyses
Cells grown in MB or MCGC media were harvested at the appropriate growth phase. Preparation of total RNA from C. glutamicum was performed using the FastPrep-24 system (MP Biomedicals). To determine the transcriptional start site, 5¢RACE (rapid amplification of cDNA ends) was conducted with a 5/3¢ RACE kit (second generation, Roche Diagnostics) in accordance with the manufacturer's instructions. The PCR products were cloned into the RBC TA cloning vector using the RBC TA Cloning Vector Kit (RBC Bioscience). The cloned RACE-PCR products were sequenced by using commercially available service (Macrogen). cDNA conversion and qRT-PCR were also performed as previously described [41] . ACFX96 Real-Time PCR Detection System (Bio-Rad) was used for gene expression analysis. All of the reactions were performed in triplicate. The PCR conditions consisted of an activation step of 1 min at 95 C, followed by 40 cycles at 95 C for 15 s, 60 C for 15 s and 72 C for 45 s. Data were collected at the 72 C step of each cycle. The SD of each gene expression value was calculated using CFX Manager software ver. 1.5 (Bio-Rad). Results were normalized to 16S rRNA. Primer sequences are shown in Table S1 .
Microscopy
Cells were grown in MB medium at 30 C to the midexponential phase. Scanning electron microscopy (SEM) images were acquired with a model SUPRA 55VP microscope (Carl Zeiss), and transmission electron microscopy (TEM) images were acquired with a model LIBRA 120 instrument (Carl Zeiss), both at the National Instrumentation Center for Environmental Management, Korea. For fluorescence microscopy, C. glutamicum cell membranes were stained with Nile Red (25 µg ml À1 , Molecular Probes). Pictures were taken on an LSM 700 (Carl Zeiss), and the images were analysed with Zen 2012 software (Carl Zeiss). Cell length was measured using Zen 2012 software.
Kirby-Bauer test
The sensitivity of C. glutamicum cells to chemicals was assessed on MB plates as follows. Lawn cells were mixed with 0.8 % (v/v) top agar and poured onto MB plates. Paper disks (6.0 mm, Whatman) with an appropriate amount of antibiotics (15 µg vancomycin, 10 µg penicillin G, 15 µg kanamycin, 20 µg gentamicin) were placed on the plates, and the plates were incubated at 30 C for 20 h until a clear zone formed around a disk.
Measurement of cell surface hydrophobicity
Cell surface hydrophobicity was measured according to the method of Rosenberg et al. [42] with some modifications. Cells were grown in MB medium and harvested in the midexponential phase by centrifugation at 2400 g for 2 min. After the cells were resuspended in 1.2 ml PBS, various amounts of hexadecane were added, and the mixtures were incubated for 10 min at 30 C. Then the tubes were mixed vigorously and left to stand for 10 min, allowing the two phases to separate. Subsequently, the OD 600 of the lower aqueous phase was measured.
RESULTS
The whcD gene of C. glutamicum The whcD gene of C. glutamicum encodes an 11 764 Da protein composed of 104 amino acids. C. glutamicum WhcD showed a close evolutionary relationship to M. smegmatis WhmD and M. tuberculosis WhiB2 proteins according to the phylogenetic analysis (Fig. 1a) . BLAST search identified the following highly homologous proteins: WhcD shared 86 % identity with M. tuberculosis WhiB2, 88 % identity with M. smegmatis WhmD and 82 % identity with S. coelicolor WhiB (Fig. 1b) . Interestingly, WhcD lacked 21 and 33 amino acid residues from the N-termini of WhiB2 and WhmD, respectively. Other M. tuberculosis WhiB-like proteins, including WhiB1, WhiB3, WhiB4, WhiB5, WhiB6 and WhiB7 shared 33-45 % identity with WhcD (data not shown). Identity with C. glutamicum WhcA, WhcB and WhcE ranges between 37 and 46 %. The transcriptional start point of whcD, which was determined by 5¢RACE ( Fig. S2) , was a G residue located 92 bp upstream of the presumed translational start site, ATG (Fig. 1c) . The putative promoter sequences of TGTAAT (À10) and TTGACG (À35) were located in the region upstream of the transcriptional start point [43] . These results agreed well with highthroughput RNA sequencing data [44] .
Effect of deletion and overexpression of whcD on cell growth
To elucidate the function of whcD, we constructed a whcD deletion mutant (DwhcD) strain. As shown in Fig. 2 , growth properties of the C. glutamicum AS019E12 wildtype and whcD mutant in MB complex and MCGC minimal media were compared. The DwhcD mutant (HL1563) strain showed retarded growth compared to that of the wild-type strain in both media (Fig. 2a, b) . The growth rate constants of the wild-type and DwhcD strains were 0.43 h À1 and 0.32 h À1 in complex medium (Fig. 2a) and 0.35 h À1 and 0.22 h À1 in minimal medium, respectively (Fig. 2b) . Although the final cell yields of the wildtype and DwhcD mutant strains were nearly identical in minimal medium (Fig. 2b) , they differed in complex medium. The yield of the DwhcD mutant strain was 5.8, which was less than half of that of the wild-type (12.2), in MB complex medium (Fig. 2a) . We also measured c.f.u. values of the wild-type and mutant cells in the early stationary phase and found growth defect of the DwhcD strain to be more severe than that observed by optical density (Table S2) . Next, we constructed a strain that overexpressed the whcD gene (P 180 -whcD). The P 180 -whcD strain showed approximately 20-fold overexpression of the gene, as determined by qRT-PCR (Fig. S1 ). The P 180 promoter is known to promote overexpression of a fused gene irrespective of the growth phase [40] . Although the whcD-overexpressing HL1453 strain showed retarded growth compared to that of the wild-type strain (Fig. 2a, b) , the overall growth was significantly better than that of the DwhcD mutant strain. In addition, we attempted complementation of the DwhcD mutant strain by introducing the whcD gene with its own promoter into the mutant strain. Fifteenfold overexpression of the whcD gene was detected in the DwhcD/P whcD -whcD strain, as determined by qRT-PCR (Fig. S1) . Growth of the whcDcomplemented HL1579 strain was almost identical to that of the whcD-overexpressing strain (Fig. 2a, b) , demonstrating that the observed phenotype is due to whcD deletion.
Assuming that whcD plays an important role in cell growth, we monitored transcription of the gene during growth (Fig. 2c) . As observed earlier [9] , the whcD gene was constitutively expressed as cells grew, even though its expression decreased over time in later stages of growth. The data suggest that whcD is a critical gene for actively growing cells; therefore, its expression is expected to be tightly controlled in the cell cycle.
Deletion of whcD alters C. glutamicum cell morphology The whmD gene of M. smegmatis and whiB2 of M. tuberculosis are essential genes associated with septation and cell division [7, 16] . To determine if whcD plays a functionally equivalent role in C. glutamicum as M. smegmatis whmD and M. tuberculosis whiB2, we observed the morphology of the DwhcD mutant strain using Scanning electron microscope. The DwhcD strain grew elongated, filamentous and branched rods of various sizes with increased diameters, as opposed to the short rods of the wild-type C. glutamicum (Fig. 3) . We also monitored the changes in cell length using fluorescence microscopy after staining the cell membranes with Nile Red (Fig. 4a) . The DwhcD mutant grew to a length of 5.47 µm on average, which corresponds to five times the size of wild-type C. glutamicum (1.07 µm) (Fig. 4b ). In contrast, the average length of the whcD-overexpressing strain was 1.42 µm. The cell length and shape of the whcD-complemented strain was almost comparable to that of the whcD-overexpressing strain (1.35 µm length, on average).
To further analyse the effect of whcD on septation, we compared TEM images of the DwhcD strain to those of the wildtype strain (Fig. 5a ). In the exponential growth phase, the DwhcD strain showed multiple septa and aberrant septum synthesis within a single bacterial cell, compared to one or no septa in the wild-type (Figs 4a and 5a) . Further, some of the DwhcD cells showed irregular septum formation.
Expression of cell-division-associated genes in the DwhcD mutant As shown in Figs 3 and 4, defective cell division was observed in the whcD-deleted strain, suggesting that whcD is required for proper cell division. To find the cause of this defect, we measured the levels of cell-division-associated gene transcripts in C. glutamicum wild-type cells and
DwhcD mutant cells using qRT-PCR. Since many of the genes related to cell division in C. glutamicum have not yet been studied in detail, we investigated those C. glutamicum genes that have been studied or whose protein products are assumed to participate in cell division [24] . FtsZ is a tubulin homologue and is regarded as the key protein in the process of cell division in most bacteria and archaea [45] . First, we found that the amount of ftsZ mRNA in the DwhcD strain was only 40 % of that of the wild-type strain (Fig. 5b) . Second, the expression level of sepF in the DwhcD cells was 60 % of that in wild-type cells (Fig. 5b) . Further, as shown in Fig. 5b , the DwhcD strain showed a 35 and 40 % reduction in ftsI and ftsQ transcription, respectively, compared to that of the wild-type strain. The genes ftsQ and ftsI are presumed to encode late divisome components. They are also known to be components of the peptidoglycan synthesis machinery [24, 27, 28, 46] . Interestingly, the amount of divIVA mRNA in the DwhcD strain was 40 % of that of the wild-type strain. Although low-level expression of divIVA in C. glutamicum is known to induce a coccoid form of cells [17] , this was not observed in the DwhcD strain. Lastly, we measured other genes such as ftsW, parAB, amiC and pknAB, which are known to be involved in cell division and the determination of cell morphology (Fig. 5b) . The results show that the expression of these genes was not notably different between the wild-type and DwhcD mutant strains. In summary, low expression of ftsZ and sepA, which participate in Z-ring formation, and ftsQ and ftsI, which contribute to septal peptidoglycan synthesis, seem to be key determinants of the DwhcD mutant phenotype. These data indicate that deletion of whcD affects these genes at an early stage of cell division and does not influence genes involved in later events of cell division such as cell separation and chromosome segregation.
After investigating whether the transcription of cell-divisionassociated genes was altered in the DwhcD mutant strain, we restored transcription of the affected genes by introducing plasmid pSL545 (i.e. P whcD -whcD) into the DwhcD strain. As shown in Fig. 5(b) , transcription of ftsZ in the DwhcD/P whcDwhcD strain was 150 % of that in the wild-type strain. The other genes, ftsQ, ftsI, sepF and divIVA, showed restored expression in the DwhcD/P whcD -whcD strain (Fig. 5b) . These data indicate that the divisional defect observed in the DwhcD 
Sensitivity of the DwhcD mutant to antibiotics
The morphological changes in the mutant cells suggested that the lack of whcD led to defects in cell wall metabolism. In order to verify this hypothesis, sensitivity of the DwhcD and P 180 -whcD strains to inhibitors of cell wall synthesis, including penicillin and vancomycin, was determined using an agar-diffusion test. As shown in Fig. 6 , the DwhcD strain was found to be highly sensitive to vancomycin and penicillin, relative to the wild-type strain. The P 180 -whcD strain was sensitive to vancomycin, but to a lesser extent than the DwhcD strain. Vancomycin and penicillin inhibit transpeptidation by binding directly to the D-Ala-D-Ala terminus and by inhibiting transpeptidase in cross-linking of the polysaccharide chains, respectively [47] . These data show that an increase in the sensitivity to vancomycin and penicillin of the DwhcD strain was probably caused by a reduction in the activity of transpeptidase, which may have resulted from reduced transcription of the ftsI gene. We also challenged cells with other antibiotics, such as gentamicin and kanamycin, which target the ribosomes, and polymyxin B, which targets the plasma membrane. With these antibiotics, no significant differences were observed in the sensitivities of the DwhcD and P 180 -whcD strains (Fig. 6 ).
Involvement of whcD in cell envelope formation As described in the previous section, deletion of the whcD gene resulted in defects in cell division and cell wall metabolism. Furthermore, the surface of the DwhcD colony was drier than that of the wild-type (Fig. 7a) , and cells tended to clump in the liquid medium (Fig. 7b ). Raghunand and Bishai [14] observed that the colony morphology of M. tuberculosis cells overexpressing whiB2 was altered and suspected that there was a change in the composition of the cell envelope. C. glutamicum mutants that are defective in fatty acid and mycolic acid biosynthesis have been reported to display altered cell envelopes [48] [49] [50] . Based on this information, we performed additional experiments and found that cell surface hydrophobicity of the DwhcD strain was higher than that of wild-type cells (Fig. 7c) , probably leading to increased cell aggregation. Cell aggregation resulting from increased cell surface hydrophobicity suggests the possibility of structural changes in the cell envelope. On this assumption, we measured the mRNA level of the fas-IA, fas-IB, accD1, accD2, fadD32, pks13 and cmrA genes, which are key players in fatty acid and mycolic acid biosynthesis. As shown in Fig. 7(d) , expression of fas-IA, fas-IB and accD1 in DwhcD mutant cells ranged between 55 and 300 % of that in the wild-type strain. These genes are known to be components of the fatty acid biosynthetic pathway [48, 51] . These data indicate that the absence of the whcD gene may lead to a modification in fatty acid composition and defects in generating carboxylated fatty acids required for the synthesis of mycolic acid.
DISCUSSION
In this study, we analysed the whcD gene, which is one of the whiB-like genes of C. glutamicum. Unlike other whiB homologues of C. glutamicum, such as whcA, whcB and whcE, which regulate the oxidative stress response in a hierarchical manner [9] , the whcD gene was found to perform cell division functions.
The physiological data show similarities between whcD and whmD in M. smegmatis [7, 16] . In addition to being involved in cell division, the genes whcD and whmD were preferentially expressed in the exponential and early stationary phases, with expression sharply decreasing in later growth stages (Fig. 2c ). This means that both genes are required for cell growth during periods of active cell division. Raghunand and Bishai [16] found that a conserved aspartate (D71) or leucine (L116) is critical for WhmD function in M. smegmatis. These amino acids are conserved in WhcD of C. glutamicum (Fig. 1b) . However, in contrast to whmD, whcD is not an essential gene in C. glutamicum. Moreover, deletion of whcD affected transcription of ftsZ, whereas whmD deletion did not affect the ftsZ transcription level [7] , suggesting that whcD has an atypical function in C. glutamicum. As shown in Fig. 1(b) , differences in the lengths of the encoded proteins were observed in the N-terminal region of the WhcD protein, although the Nterminal extension of WhmD has been shown inessential for its activity [16] .
A comparison of the C. glutamicum DwhcD mutant with the wild-type strain in terms of mRNA expression provided evidence that whcD is involved in cell division. These results show how a reduction in whcD expression leads to a change in cell morphology. Our data show that the DwhcD mutant strain is defective in the early stage of cell division, which includes Z-ring formation and peptidoglycan synthesis. We have shown that the amounts of ftsZ, sepF, ftsI and ftsQ mRNA were less in DwhcD mutant cells than in wild-type cells (Fig. 5b) . Our finding agrees, in part, with that of Ramos et al. [23] , who observed that a reduction in the FtsZ level reduced the growth of C. glutamicum and resulted in larger bud-shaped cells. Controlled overexpression of ftsZ in C. glutamicum is also known to result in an increase in cell diameter [22] (Fig. 4) . Although not identical, our results show that the DwhcD mutant and whcD-overexpressing cells have altered levels of ftsZ transcripts and changes in cell division, morphology and viability. The partial reduction in ftsZ transcription in the DwhcD mutant cells may indicate the involvement of multiple regulatory factors in determining the cell phenotype, with WhcD being only one of them. The ftsZ gene carries multiple promoters, suggesting its importance in transcriptional regulation [22] . Further, FtsZ ring formation is facilitated by SepF, which acts as a membrane anchor through an amphipathic helix residing in its N-terminus and recruits FtsZ by binding to the Cterminal domain of FtsZ [24] . A SepF homologue interacts with FtsZ and participates in Z-ring stabilization in Bacillus subtilis and Mycobacterium species [52] [53] [54] . On the other hand, FtsI, FtsQ and FtsW are known to be involved in septal peptidoglycan synthesis. Valbuena et al. [27] discovered that a reduction in ftsI expression leads to larger filamentous C. glutamicum cells. The FtsI protein has a short cytoplasmic domain and a large periplasmic domain, which contribute to transpeptidase activity required for septal peptidoglycan biosynthesis. Accordingly, we observed increased vancomycin and penicillin sensitivity in the DwhcD mutant strain, probably as a result of decreased ftsI gene expression. FtsQ, which is a transmembrane protein, links the divisome with peptidoglycan synthesizing machinery [25, 26, 55] .
However, interestingly, the expression of ftsW was not affected in the DwhcD strain, suggesting that the DwhcD strain functions normally in FtsW-mediated precursor translocation and probably polymerization [19] and RodAmediated precursor translocation and polymerization [21] during cell elongation. Morphological changes in the whcD mutant probably resulted from the downregulation of many, if not all, genes involved in cell division.
Decreased levels of ftsZ expression are known to cause aberrant cell morphologies such as buds, branches and knots, as well as larger cells without filaments [23] . Reduced divIVA expression is also known to impede apical growth [18] . However, the DwhcD mutant strain did not show a coccoid shape, although the level of ftsZ and divIVA transcription was low (Fig. 5b) . These data suggest that other genes involved in cell division might have supported the whcD gene in regulating cell division, as described in an earlier section. Low-level transcription of ftsZ and sepF, which are critical for septum formation, may contribute to the formation of filamentous cells. Accordingly, the DwhcD mutant strain built an abnormal septum that could have hindered subsequent cell separation, resulting in filamentous cells. In the absence of a Min system, which localizes the septum in the mid-cell, and prominent positive regulators of FtsZ assembly, such as FtsA, ZipA and ZapA [22, 56, 57] , cell morphogenesis and cell division in C. glutamicum could have been coordinated by whcD. The presence of a helixturn-helix DNA-binding motif and presumed redoxsensitive regulatory cysteines in WhcD may support such a regulatory role. In addition, one can also speculate that whcD plays a regulatory role in cell division by linking the stress-response system to the cell division machinery because whcE and whcA of C. glutamicum, which are whiBlike genes, play roles in the oxidative stress response. The presence of multiple promoters in the ftsZ gene indicates the possibility that whcD is one of the regulators of cell division. The fact that the DwhcD mutation was not lethal to cells may also suggest that whcA and whcE play roles redundant with that of whcD, at least in part, although experimental confirmation should follow.
The observation that the DwhcD mutant strain showed an increased propensity to clump and rough colony morphology on solid medium (data not shown) indicates that corynebacterial WhcD is involved in organizing the cell envelope. Colonies of M. smegmatis DwhmD were similarly rough and flat, and the authors suggested that surface lipids may have been modified [14] , although the reason for the colony appearance is not yet known. C. glutamicum possesses unusual lipids such as mycolic acids, which play an important role in the organization of the cell envelope and contribute to resistance to antimicrobial compounds and various stress conditions [49] . C. glutamicum has two FAS-I (fatty acid synthase type I) proteins that are encoded by fas-IA and fas-IB. FAS-I is a multienzyme complex that catalyses fatty acid synthesis for phospholipids and precursors for mycolic acid synthesis [51] . FAS-IA products are C 18 : 1 (oleate) and C 18 : 0 (stearate), whereas FAS-IB synthesizes C 16 : 0 (palmitate) [49] . Synthesis of mycolic acid proceeds from the condensation of FAS-I products [49] . In addition, the genomes of Corynebacterineae possess four b-subunits of acetyl/propionyl-CoA carboxylases encoded by accD1 (NCgl0678), accD2 (NCgl0677), accD3 (NCgl2772) and accD4 (NCgl0797) [48] . Previous studies have shown that AccD1 is directly related to fatty acid biosynthesis, and AccD2 and AccD3 are essential for corynomycolate biosynthesis [48, 58] . Additionally, fadD32, pks13 and cmrA are involved in corynomycolate biosynthesis [59] [60] [61] . Surprisingly, the genes for fatty acid biosynthesis, including fas-IA and accD1, were downregulated in the absence of whcD (Fig. 7d) . Overexpression of fas-IB is unexplained, although cross-talk between fas-IA and fas-IB might compensate for the lack of certain fatty acids. Although FAS-IA and FAS-IB play major and supplementary roles, respectively, both synthases have been found necessary to produce lipid components of this organism under various growth conditions [51] . The finding that the C. glutamicum DwhcD mutant cell surface hydrophobicity was similar to that of cmytA and Corynebacterium ammoniagenes DramA [62, 63] , which are defective in mycolic acid biosynthesis, suggests the possibility that the cell envelope was altered as a result of a defect in fatty acid synthesis, although transcription of the genes involved in corynomycolic acid biosynthesis was intact in DwhcD.
In conclusion, we consider the whcD gene of C. glutamicum to be a global regulator of cell division and fatty acid biosynthesis. Since C. glutamicum cells lack a Min system and any well-known regulators of bacterial cell division, the whcD gene may play such a regulatory role. The role of whcD is restricted to early steps of cell division, excluding precursor translocation for cell elongation and chromosome partitioning. The system to regulate cell division in C. glutamicum is regarded as novel, but additional studies will be needed for a detailed understanding of cell division in C. glutamicum. 
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